In dietary potassium deficiency there is a decrease in the transport activity of the type IIa sodium/phosphate cotransporter protein (NaP i ) despite an increase in its apical membrane abundance. This novel posttranslational regulation of NaP i activity is mediated by the increased glycosphingolipid content of the potassiumdeficient apical membrane. However, the mechanisms by which these lipids modulate NaP i activity have not been determined. We determined if in potassium deficiency NaP i is increasingly partitioned in cholesterol-, sphingomyelin-, and glycosphingolipid-enriched microdomains of the apical membrane and if the increased presence of NaP i in these microdomains modulates its activity. By using a detergent-free density gradient flotation technique, we found that 80% of the apical membrane NaP i partitions into the low density cholesterol-, sphingomyelin-, and GM1-enriched fractions characterized as "lipid raft" fractions. In potassium deficiency, a higher proportion of NaP i was localized in the lipid raft fractions. By combining fluorescence correlation spectroscopy and photon counting histogram methods for control and potassium-deficient apical membranes reconstituted into giant unilamellar vesicles, we showed a 2-fold decrease in lateral diffusion of NaP i protein and a greater than 2-fold increase in size of protein aggregates/clusters in potassium deficiency. Our results indicate that NaP i protein is localized in membrane microdomains, that in potassium deficiency a larger proportion of NaP i protein is present in these microdomains, and that NaP i lateral diffusion is slowed down and NaP i aggregation/clustering is increased in potassium deficiency, both of which could be associated with the decreased Na/P i cotransport activity in potassium deficiency.
Disorders of extracellular inorganic phosphate (P i ) concentration and impairments in renal and gastrointestinal P i reabsorption are common problems. Aging, diabetes mellitus, malignancy, alcoholism, transplantation, AIDS, and several therapeutic drugs are well known to cause or to be associated with hypophosphatemia or hyperphosphatemia, mainly by affecting renal tubular P i transport. The kidney plays a critical role in the regulation of P i homeostasis (1) . The evidence to date indicates that regulation of the overall renal tubular P i transport by dietary, hormonal, or metabolic factors occurs mainly at the level of the proximal tubular apical brush border membrane (BBM) 1 Na/P i cotransport system. Three distinct families of renal Na/P i cotransporters have been identified: type I, type II, and type III. These Na/P i cotransporters are expressed in the proximal tubule of humans, rats, mice, and rabbits. The type IIa renal apical BBM Na/P i cotransport system mediates the majority of the renal proximal tubular BBM Na/P i transport (1) .
Dietary factors, hormones, metabolic factors, and the developmental and aging process regulate Na/P i cotransport activity by diverse molecular and cellular mechanisms, including transcriptional control, translational control, and most importantly control via acute trafficking (endocytosis or exocytosis) of the type IIa Na/P i cotransport protein to and from the apical membrane. The net result is that with one known notable exception Na/P i cotransport activity is directly correlated with the apical BBM type IIa Na/P i cotransport protein abundance (1) .
We have demonstrated that alterations in renal lipid composition, including BBM cholesterol, sphingomyelin, and glycosphingolipid content play an important role in the regulation of renal Na/P i cotransport activity. Specifically, adaptation to changes in dietary P i as well as the aging process is associated with alterations in apical BBM cholesterol content, and there is an inverse relationship between BBM Na/P i transport activity and BBM cholesterol content (2, 3) . In addition, in diabetes, in dietary potassium deficiency, and following treatment with glucocorticoids there is an inverse relationship between BBM Na/P i transport activity and BBM sphingomyelin and glycosphingolipid (glucosylceramide and ganglioside GM3) content (4, 5) . We have shown that in isolated BBM in vitro modification of cholesterol composition selectively modulates Na/P i transport activity and that BBM Na/P i cotransport activity is directly related to BBM cholesterol content, indicating that changes in membrane cholesterol per se can modulate Na/P i cotransport activity (6) . Similarly, inhibition of glucosylceramide and ganglioside GM3 synthesis also results in modulation of Na/P i transport activity (4) .
An important role for glycosphingolipids in mediating posttranslational regulation of Na/P i cotransport activity is illustrated in dietary potassium deficiency where there is a significant decrease in BBM Na/P i cotransport activity, which occurs despite an increase in BBM NaP i protein abundance. Treatment of potassium-deficient rats with an inhibitor of glucosylceramide and ganglioside GM3 synthesis normalizes BBM Na/P i cotransport activity, despite no changes in NaP i protein abundance (5) . This study therefore indicates an important and a novel role for lipids in mediating posttranslational regulation of Na/P i cotransport activity.
Although our previous studies do indicate that alterations in cholesterol and glycosphingolipid composition modulate renal Na/P i cotransport activity, the mechanisms by which lipids modulate Na/P i cotransport activity have not been determined and remain unknown. Most interestingly, cholesterol, sphingomyelin, and glycosphingolipids are important components and mediators of formation of specialized membrane microdomains known as lipid rafts (7) (8) (9) (10) (11) (12) . We have shown previously by using fluorescence spectroscopy and two-photon excitation fluorescence microscopy techniques that cholesterol and glycosphingolipid-enriched membrane microdomains or lipid rafts are present in the renal BBM, that these domains have a marked decrease in lipid dynamics, and that the formation of these domains is modulated by the cholesterol content of the membrane (13) (14) (15) (16) .
The purposes of the present study are as follows: 1) to determine whether the Na/P i cotransport protein is present in these cholesterol-, sphingomyelin-, and glycosphingolipid-enriched membrane microdomains or lipid rafts, 2) to determine whether in the model of dietary potassium deficiency there is increased partitioning of the Na/P i cotransport protein in these membrane microdomains, and 3) to determine whether the partitioning of the NaP i protein in these membrane microdomains modulates its activity and its dynamics in the BBM lipid bilayer. In this work we explore protein dynamics by using fluorescence correlation spectroscopy (FCS). This technique has been shown to be a noninvasive method that allows for the measurement of freely diffusing and bound molecules inside live cells in small volumes (sub-femtoliters) (30 -32, 52-54) . In the present study we use giant unilamellar vesicles (GUVs) grown from renal BBM, and we measure the diffusion and clustering properties of NaP i in the membrane.
The results indicate the following. 1) By using detergentfree isolation of apical membrane domains, the Na/P i cotransport protein does preferentially partition into cholesterol-, sphingomyelin-, and glycosphingolipid-enriched membrane microdomains that have a marked decrease in lipid dynamics. 2) In apical brush border membranes isolated from potassium-deficient rats, there is a further increased presence of Na/P i cotransport protein in these membrane microdomains that correlates with decreased Na/P i cotransport activity despite increased Na/P i cotransport protein abundance. 3) By using FCS, we show for the first time that increased partitioning of the NaP i protein in the cholesterol-, sphingomyelin-, and glycosphingolipid-enriched membrane microdomains results in a marked decrease in the lateral diffusion and a marked increase in the aggregation/clustering of Na/P i cotransport protein that is associated with decreased Na/P i cotransport activity.
EXPERIMENTAL PROCEDURES
Animals-Six-week-old Sprague-Dawley male rats weighing between 150 and 175 g were obtained from Harlan Sprague-Dawley (Madison, WI) and housed at the animal facility where they were kept on a 12-h light/dark cycle. The animals were fed a control diet (Teklad, TD88238) or a potassium-deficient diet (Teklad, TD95006) for 14 days (5). The diets were otherwise matched for their phosphorus, calcium, magnesium, sodium, protein, carbohydrate, and fat content. We used six rats for each individual experiment, and the experiments were repeated four times. The animal studies were approved by the Institutional Review Board.
Materials-All chemicals were from Sigma except where noted. Polyclonal NaP i rabbit antiserum was generated and used as described before (5, 17) . Monoclonal antibody against ␤-actin was obtained from Sigma. Ezrin antibody was obtained from Cytoskeleton Inc. Antibody to MAP-17 was a gift from Victor Sorribas (University of Zaragoza, Spain). NHERF-1 antibody was a gift from Ed Weinman (University of Maryland, Baltimore). PDZK-1 antibody was a gift from Olivier Kocher (Harvard Medical School, Boston). SGLT-1 antibody was obtained from Alpha Diagnostics International (San Antonio, TX). NHE3 antibody was obtained from Chemicon International, Temecula, CA. Flotillin-1, 5Ј-nucleotidase (5ЈNT), and horseradish peroxidase-conjugated antibodies were obtained from Santa Cruz Biotechnology.
Isolation of Brush Border Membrane Vesicles-Rats were anesthetized via an intraperitoneal injection of 100 mg/kg pentobarbital sodium (Pentothal, Abbott). After clamping off the renal vessels, the kidneys were removed, and thin slices from the superficial cortex were dissected on ice. The superficial cortex kidney slices were homogenized in 15 ml of an ice-cold isolation buffer consisting of 300 mM mannitol, 5 mM EGTA, 1 mM phenylmethylsulfonyl fluoride, 16 mM HEPES, and 10 mM Tris, pH 7.5, using a Polytron homogenizer (90 s at 40% power). The BBM were isolated from the homogenate by Mg 2ϩ precipitation followed by differential centrifugation as described previously (3, 4) . Briefly, 0.54 ml of 1 M MgCl 2 and 21 ml of water were added to each 15 ml of kidney homogenate. After 20 min of shaking, the homogenate was centrifuged at 2,790 ϫ g for 15 min. The supernatant was subjected to another round of Mg 2ϩ precipitation, and the resulting supernatant was centrifuged at 40,000 ϫ g for 30 min. The resulting BBM pellets were resuspended in a buffer containing 300 mM mannitol, 16 mM HEPES, and 10 mM Tris, pH 7.5, and aliquoted for (a) measurement of total protein concentration, (b) Na/P i cotransport activity measurement, (c) protein electrophoresis and Western blotting, (d) OptiPrep gradient flotation for the isolation of BBM fractions, and (e) preparation of giant unilamellar vesicles (GUVs) for FCS measurements. BBM protein concentration was determined by the method of Lowry et al. (18) .
Transport Activity Measurements-Transport activity measurements were performed in fresh isolated BBM vesicles by radiotracer uptake followed by rapid Millipore filtration (4) . To measure sodium gradient-dependent 32 P i uptake (Na/P i cotransport), 10 l of BBM or membrane fragments preloaded in an intravesicular buffer (in mM) of 300 mannitol, 16 HEPES, and 10 Tris, pH 7.5, was vortex-mixed at 25°C with 40 l of an extra-vesicular uptake buffer of 150 mM NaCl, 100 M K 2 H 32 PO 4 (PerkinElmer Life Sciences), 16 mM HEPES, and 10 mM Tris, pH 7.5. Sodium gradient-dependent D-[ 3 H]glucose uptake (sodium/glucose cotransport) was measured as above except for using 100
3 H]glucose. Uptake was terminated after 5 s (representing the initial linear rate) by an ice-cold stop solution. All uptake measurements were performed in triplicate, and uptake was calculated on the basis of specific activity determined in each experiment and expressed as pmol P i or D-glucose ϫ (5 s) Ϫ1 ϫ (mg of BBM protein) Ϫ1 . Isolation of BBM Detergent-resistant and Detergent-sensitive Fractions-For isolation of detergent-resistant (DR) and detergent-sensitive (DS) BBM fractions, the BBM sample was first incubated for 30 min on ice in TNET buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, and a complete protease inhibitor mixture) containing 1% Triton X-100 or 1% Lubrol WX (19) . Following centrifugation at 100,000 ϫ g at 4°C for 1 h, the DR (pellet) and DS (supernatant) fractions were collected and analyzed for (a) total protein by BCA protein assay (Pierce) and (b) Western blots for NaP i .
Isolation of BBM Lipid Raft Fractions by Non-detergent Density Gradient Ultracentrifugation Using OptiPrep (Iodixanol)-BBM were incubated in 100 l of TNET buffer at 4°C for 30 min. After Dounce homogenization on ice, the extract was adjusted to 50% Optiprep, after which 600 l was overlaid with 1 ml each of 40, 30, and 20% Optiprep in TNET and then 400 l of 10% Optiprep in TNET (20, 21) . Following centrifugation at 170,000 ϫ g at 4°C for 4 h, a continuous density gradient was formed. 8ϫ 500-l fractions were collected from the top to the bottom of the gradient and analyzed for (a) total protein by BCA protein assay (Pierce); (b) Western blots for NaP i , SGLT-1, NHE3, NHERF-1, PDZK-1, MAP-17, ␤-actin, ezrin, 5ЈNT, and flotillin-1; and (c) lipid composition.
Protein Electrophoresis and Western Blotting-Intact BBM or BBM membrane fraction samples were denatured for 3 min at 95°C in 2% SDS, 10% glycerol, 0.5 mM EDTA, and 95 mM Tris-HCl, pH 6.8. Samples corresponding to 10 g of total protein were loaded on 9% polyacrylamide gels (Criterion gels, Bio-Rad) and separated according to the method of Laemmli (22) . Proteins were electrotransferred onto nitrocellulose paper (23) . After blockage with 5% nonfat milk powder with 1% Triton X-100 in Tris-buffered saline (20 mM, pH 7.3), blots were incubated with antiserum against the C-terminal amino acid sequence of NaP i at a dilution of 1:4,000. Horseradish peroxidase-linked secondary antibody was used at a dilution of 1:50,000. Primary antibody binding was visualized using enhanced chemiluminescence (Pierce), and the signals were quantified in a PhosphorImager with chemiluminescence detection and densitometry software (Bio-Rad). The protein blots were also probed with antiserum against ␤-actin (1:5000), ezrin (1:500), MAP-17 (1:1000), NHERF-1 (1:3000), PDZK-1 (1:10,000), SGLT-1 (1:500), NHE3 (1:2000), 5ЈNT (1:200), and flotillin-1 (1:500).
Lipid Extraction and Measurement of Lipid Composition-Lipids were extracted by the method of Bligh and Dyer (24) . Total cholesterol was determined enzymatically using Amplex Red (Molecular Probes, Eugene, OR, or Wako Chemicals, Richmond, VA). Sphingomyelin was determined with a fluorescence assay (25) , using reagents supplied in the Amplex Red Sphingomyelinase kit (Molecules Probes). To determine GM1 content, the BBM were incubated with Alexa 555-labeled cholera toxin B (Molecular Probes), which binds to GM1. After separation of the BBM fractions by flotation on an OptiPrep gradient, the relative intensity of the Alexa 555 signal in each fraction was determined in a fluorescence spectrometer (26) . The signal from each fraction was corrected against blank fractions from an OptiPrep gradient that was seeded with an identical amount of Alexa 555-cholera toxin B in buffer but no BBM.
Measurement of NaP i Lateral Diffusion and Aggregation/Clustering by FCS and PCH-Fluorescence correlation spectroscopy (FCS) meas-
urements were performed on giant unilamellar vesicles (GUVs) grown from intact BBM. GUVs were prepared by the electroformation method developed by Angelova and Dimitrov (27), as we have described previously (15, 16, 28 -30) . Briefly, membrane samples were laid onto platinum wires and dried in a temperature-controlled chamber that fits on the microscope stage. The membranes were then hydrated in buffer at about 43°C (above the liquid-ordered to liquid-disordered phase transition temperature) and in the presence of an alternating electric field (10 Hz, 3V).
A highly specific and affinity-purified anti-NaP i rabbit polyclonal antibody (5, 17) was further purified with an Affi-Gel Protein A column (Bio-Rad) and conjugated with the amine-reactive fluorescent probe Alexa 488 by using an Alexa 488 protein labeling kit (Molecular Probes). Conjugates were labeled with an average of three dye molecules per antibody molecule.
FCS measurements were performed at 37°C as described previously (28 -31) by using two-photon excitation at 785 nm. The two-photon excitation scanning fluorescence microscope used in these experiments was assembled in the Laboratory for Fluorescence Dynamics (University of Illinois, Urbana-Champaign) and has been described previously (31) . A mode-locked titanium-sapphire laser with 80-MHz, 100-fs pulse width (Tsunami; Spectra-Physics, Mountain view, CA) was used as the excitation light source. The laser was guided into the microscope by x-y galvano-scanner mirrors (model 6350; Cambridge Technology, Watertown, MA) to achieve beam scanning in both x and y directions. The scanner mirrors were moved by a voltage generated in a computer card. The movement of the x scanner mirror was independent from the y scanner mirror movement. For the laser beam to move in a circular path, the x and y scanner mirrors were driven by two identical sine waves with 90°phase shift. The radius and frequency of the circular scan were controlled by the amplitude and frequency of the sine waves. For a raster scan, the x and y scanner mirrors were driven by two saw-tooth signals at different frequency. A photomultiplier tube (Hamamatsu R7400P, Japan) was used for light detection in the photon counting mode. A BG39 optical filter (Chroma Technologies, Brattleboro, VT) was placed before the photomultiplier for suppression of IR excitation light. A Zeiss C-Apo 40X (1.2 N.A.), water-immersion objective lens was used for the measurement because of its exceptionally long working distance (230 m).
Two-photon Microscopy, FCS, Scanning FCS, and PCH AnalysisFor two-photon excitation fluorescence imaging, the scanning areas ranged from 70 ϫ 70 m to 18 ϫ 18 m. Images were 256 ϫ 256 pixels and averages of 10 frames with a pixel residence time of 50 s. Regions of interest were directly selected from the fluorescence image. For single point FCS, the sampling rate was 64 kHz, and the total measurement lasted less than 5 min. For scanning FCS the orbital scanning frequency was 1 kHz with a sampling rate (pixel rate) of either 40 or 64 kHz and total measurement times of 400 or 255 s, respectively. The laser power at the sample was 10 milliwatts. The average fluorescence intensity of the sample remained constant, indicating that the fluorophore was not photobleached during the measurement. Because of the variation in the laser alignment from day to day, the waist 0 of the excitation beam was calibrated before each day's measurement by measuring an autocorrelation curve of 10 nM fluorescein in 0.01 M NaOH. 0 was derived from a fit to this curve by assuming a fluorescein diffusion coefficient of 300 m 2 /s; typically 0 values of 0.3 m to 0.5 m were obtained.
The autocorrelation function, G() in Equation 1 , was used to analyze the fluorescence fluctuations, where N(t) is the fluorescence intensity at time t; is some absolute time delay, and the angle brackets denote a time average. For a single molecular species the autocorrelation function at ϭ 0 (G(0)) is inversely proportional to the average number of molecules in the excitation volume (Equation 2).
For single point FCS data, the experimental autocorrelation function was fitted using a three-dimensional Gaussian-Lorentzian beam profile (32-34) and one-or two-dimensional diffusional components. The concentration (C) of the antibody was calculated from the G(0) value obtained from the autocorrelation fits according to Equation 3 , where N A is Avogadro's number, and V PSF is the volume of the point spread function (ϳ1 femtoliter). The factor ␥ accounts for the illumination of the excitation volume and equals 0.072 for the 2-photon excitation profile.
For the scanning FCS measurement, the center of the circular scanning path was directly selected from the fluorescence image. The data acquisition frequency was 40 or 64 kHz, and the scanning frequency was 1 kHz, yielding 40 or 64 data points in each scanning cycle. The data were plotted on an intensity carpet where the x axis is the position along the scan and the y axis is time (30) . The scanning diameter was between 5 and 23 m depending on the imaging area. Each column on the x axis, which represents the 40 or 64 points along the orbit of the scan as shown by the intensity carpet, was temporally correlated and fitted by using a procedure similar to that for the single point FCS data and is described in Equation 4. The two-dimensional diffusion terms were complemented with an exponential term to account for incomplete relaxations of slowly diffusing species. c represents the residence time of the molecules in the excitation volume. Each diffusional component contributes with an amplitude G 0i , where i is either a slow, fast, or exponential component, subtracted by the background B. The diffusion constants D (in m 2 /s) were calculated from c according to Equation 5 .
The PCH analysis is based on the probability distribution of finding molecules in the observation volume as detected by the FCS experiments (33) . The amplitude of the intensity fluctuation depends on the intrinsic brightness of the particle and on the location of the particle in the intensity beam profile. From the PCH analysis, the concentration and the molecular brightness (⑀, in counts/molecules/s) can be calculated (33, 35, 36) . This information allows for the determination of molecules that are bound together and moving as one unit. Therefore, dimers, trimers, and oligomers can be detected if the molecular brightness increases by 2-fold, 3-fold, etc. The Alexa 488-labeled NaP i antibody was measured in solution after purification to determine the intrinsic molecular brightness before binding. PCH analyses were done for the free antibody inside, outside, and on the GUV from the scanning experiments. Fitting of both autocorrelation functions and PCH data was done by using Laboratory for Fluorescence Dynamics Globals Unlimited software (Champaign, IL).
RESULTS
In Potassium Deficiency BBM Na/P i Cotransport Activity Is Decreased Despite Increased BBM NaP i Protein Abundance-In agreement with our earlier publication (5), we have found that in BBM isolated from rats with dietary potassium deficiency Na/P i cotransport activity is decreased (Fig. 1A) despite a significant increase in NaP i protein abundance (Fig.  1B) . Transport kinetic studies showed that the decrease in BBM NaP i transport activity is mediated by a decrease in the V max and no change in the K m (5). This effect is quite selective for NaP i as potassium deficiency resulted in no changes in BBM sodium/glucose cotransport activity (Fig. 1C) or BBM sodium/glucose cotransporter protein (SGLT-1) abundance (Fig. 1D) . However, we did find increased abundance of the Na/H exchanger protein NHE3 in BBM from potassium-deficient rats compared with control BBM (data not shown). This is in agreement with earlier studies that have shown Na/H exchange activity and NHE3 protein to be up-regulated in potassium deficiency (37) .
NaP i Protein Is Partitioned into Cholesterol-, Sphingomyelin-, and Glycosphingolipid-enriched BBM Domains-DR and DS BBM fractions were isolated by high speed centrifugation in the presence of 1% Triton X-100 ( Fig. 2A) or 1% Lubrol WX (Fig. 2B) . We found that in BBM isolated from control rats approximately 40% of NaP i protein is in the DR membrane fraction, which is highly enriched in cholesterol, sphingomyelin, and glycosphingolipids. We also fractionated BBM isolated from control rats using a non-detergent OptiPrep gradient flotation technique (20, 21) . We found that the majority of the NaP i protein localizes in fractions 1-3 (Fig. 3A) , which are also highly enriched in cholesterol (Fig. 3B), sphingomyelin (Fig.  3C) , and ganglioside GM1 (Fig. 3D) , classical lipid raft markers (7) (8) (9) (10) (11) (12) .
In Potassium Deficiency There Is Increased Partitioning of NaP i Protein in Cholesterol-, Sphingomyelin-, and Glycosphingolipid-enriched BBM Domains-In BBM DR and DS fractions isolated by single step high speed centrifugation in the presence of 1% Triton X-100 ( Fig. 2A) or 1% Lubrol WX (Fig. 2B) , we found that in BBM isolated from potassium-deficient rats there is a further marked and significant increase in the abundance of NaP i protein that is present in the DR membrane fraction. When BBM isolated from control and potassium-deficient rats were simultaneously subjected to non-detergent OptiPrep gradient flotation and the gradients were analyzed for NaP i protein abundance by Western blotting, we found that in BBM isolated from potassium-deficient rats there is a marked in -FIG. 2 . Effects of potassium deficiency on BBM NaP i protein partitioning into DS and DR membrane fractions. Control and potassium-deficient BBM were treated with 1% Triton X-100 at 4°C for 30 min (A) or 1% Lubrol WX at 4°C for 30 min (B). Following centrifugation at 100,000 ϫ g at 4°C for 1 h, the DR (pellet) and DS (supernatant) fractions were collected and analyzed for NaP i protein abundance by Western blotting. 40% of the NaP i protein from control BBM is present in the Triton X-100-(40 Ϯ 5%) or Lubrol WX (40 Ϯ 6%)-resistant membrane fraction. In potassium-deficient BBM, the fraction of NaP i present in detergent-resistant membranes is significantly (p Ͻ 0.01) increased to 70 Ϯ 8% for Triton X-100 treatment and to 60 Ϯ 8% for Lubrol WX treatment.
FIG. 1.
Effect of potassium deficiency on BBM transport activities and abundance of Na/P i and sodium/ glucose cotransporter proteins. A, Na/P i cotransport activity; B, NaP i protein abundance; C, sodium/glucose cotransport activity; D, sodium/glucose cotransport protein (SGLT-1) abundance. Potassium deficiency causes a significant decrease in BBM Na/P i cotransport activity despite an increase in BBM NaP i protein abundance. In contrast, potassium deficiency has no significant effects on sodium/glucose cotransport activity or SGLT-1 protein abundance.
crease in the abundance of NaP i protein in fractions 2-4 ( Fig.  4A ). NHE3 protein also increasingly partitions in OptiPrep fractions 2-4 in potassium-deficient BBM, and compared with control BBM its abundance is higher in fractions 1-4 of potassium-deficient BBM (Fig. 4C) . In contrast, the distribution for SGLT-1 is the same for BBM from control and potassiumdeficient rats (Fig. 4B) .
Partitioning of NaP i -interacting PDZ Domain-containing Proteins, ␤-Actin, Ezrin, MAP-17, Flotillin, and 5Ј-Nucleotidase in Cholesterol-, Sphingomyelin-, and Glycosphingolipid-enriched BBM Domains-NHERF-1, a PDZ domain-containing protein that plays an important role in NaP i trafficking to the BBM (38 -39), partitions mostly into fractions 2-3, and there are no differences in the abundance or distribution of NHERF-1 in BBM from control and potassium-deficient rats (Fig. 5A) . In contrast, PDZK-1, another PDZ domain containing protein (40 -41) , has a broader distribution (fractions 1-4) with significantly more PDZK-1 in fraction 4 of potassium-deficient BBM compared with control BBM (Fig. 5B) . Most interestingly, MAP17, another protein that interacts with NaP i protein (42, 43) , has a similar distribution as NHERF-1; however, MAP17 abundance is decreased in BBM from potassium-deficient rats, especially in fraction 3 (Fig. 5D) .
Ezrin, a member of the family of ERM (ezrin-radixin-moesin) proteins (44, 45) , partitions mostly into fractions 1-3, and there are no differences in the abundance or distribution of ezrin in BBM from control and potassium-deficient rats (Fig. 5C ). Similarly to NaP i and NHE3, ␤-actin was mostly partitioned into fractions 2-4, and no differences were observed in the abundance or distribution of ␤-actin in BBM from control and potassium-deficient rats (data not shown).
Flotillin-1, a protein that has been reported to be present in lipid rafts (46, 47) , partitions into fractions 1-4, and there are no major differences in the abundance of flotillin-1 in BBM isolated from control and potassium-deficient rats (Fig. 5E ). In contrast, 5ЈNT, a glycosylphosphatidylinositol-anchored protein that has been reported to be present in lipid rafts (48 -51) , partitions mostly in fractions 1-3, and the abundance of 5ЈNT is significantly decreased in BBM isolated from potassiumdeficient rats (Fig. 5F) .
In Potassium Deficiency There Is a Marked Decrease in NaP i Protein Lateral Diffusion and an Increase in NaP i Protein Aggregation/Clustering-We performed FCS measurements to determine whether increased BBM sphingomyelin and glycosphingolipid content and increased partitioning of NaP i protein into cholesterol-, sphingomyelin-, and glycosphingolipid-enriched BBM domains results in alterations of its lateral diffusion.
Single Point FCS-The autocorrelation curves obtained from single point FCS measurements were fitted with the two-diffusion component model. Multiple measurements were made on different GUVs. Typically, a fast diffusion component associated with unbound antibody plus a slow component and an exponential component were seen. Over repeated measurements, four characteristic diffusion coefficients emerged. These values are listed in Table I. Representative autocorrelation curves are shown in Figs. 6 and 7. The corresponding values of the diffusion coefficients, as obtained by the fitting procedure, are identified with the region of diffusion relaxation shown in the autocorrelation curves. The fast diffusion component (D 1 in Table I ) for both control (62 m 2 /s) and potassium-deficient (67 m 2 /s) BBM is comparable with that measured for freely diffusing antibody (69 m 2 /s). Furthermore, three slow diffusion coefficients were observed. These we identify with anti-NaP i bound to the GUV membrane. Autocorrelation curves obtained from GUVs grown from control BBM gave slow diffusion values, D 2 ϭ 3.31 m 2 /s and D 3 ϭ 0.37 m 2 /s. In contrast, fits to autocorrelation curves obtained on GUVs grown from potassium-deficient BBM yielded significantly slower diffusion rates (there was about a 2-fold difference) for the membrane-bound antibody (D 2 ϭ 1.27 m 2 /s and D 3 ϭ 0.22 m 2 /s). The single point FCS measurements therefore indicate that the lateral diffusion of NaP i protein in GUVs made from potassium-deficient BBM is markedly and significantly decreased when compared with control BBM. A final and very slow diffusion coefficient for the control BBM (D 4 ϭ 0.008 m 2 /s) and potassium-deficient BBM (D 4 ϭ 0.015 m 2 /s) was observed. Fig. 7 shows, for example, normalized autocorrelation curves of anti-NaP i bound to control and potassium-deficient BBM, resulting in two diffusing species for each membrane as follows: (i) a fast component (D 1 ) corresponding to the free antibody in solution, and (ii) a slower component (D 3 ) corresponding to the antibody bound to the membrane. Comparison of fluorescence intensity images of the antibody bound to the GUVs (Fig. 7,  inset) , where there is higher intensity on the potassium-defi- FIG. 3 . NaP i protein is preferentially partitioned into cholesterol-, sphingomyelin-, and glycosphingolipid-enriched BBM domains. BBM isolated from control rats were fractionated using a non-detergent OptiPrep gradient flotation technique, and the fractions were analyzed for NaP i protein abundance (A), cholesterol content (B), sphingomyelin content (C), and GM1 content (D) as detailed under "Experimental Procedures." cient GUV, indicates that there is a higher concentration of NaP i on the potassium-deficient membrane. This result is consistent with the increased abundance of NaP i -IIa in BBM isolated from potassium-deficient rats (Fig. 1) .
The above observations of different diffusion coefficients for bound NaP i antibody illustrate that the GUVs formed from rat BBM are highly heterogeneous in their properties. Furthermore, there are consistent differences between the control and potassium-deficient membranes. Typically diffusion in the potassium-deficient BBM (D 2 and D 3 ) is slower. We interpret the different diffusion coefficients as indicative of NaP i existing in a number of possible conditions including regions of differing FIG. 4 . Distribution of NaP i , SGLT-1, and NHE3 in control and potassium-deficient BBM fractionated by detergent-free OptiPrep gradient flotation. BBM isolated from control and potassium-deficient rats were fractionated using a non-detergent OptiPrep gradient flotation technique. The fractions were analyzed for NaP i protein abundance (A), sodium/glucose cotransport protein (SGLT-1) abundance (B), and NHE3 protein abundance (C).
FIG. 5. Distribution of NaP i -interacting PDZ domain containing proteins, ezrin, MAP17
, and lipid raft marker proteins in control and potassium-deficient BBM fractionated by detergent-free OptiPrep gradient flotation. BBM isolated from control and potassium-deficient rats were fractionated using a non-detergent OptiPrep gradient flotation technique, and the fractions were analyzed by Western blotting for NHERF-1 (A), PDZK-1 (B), ezrin (C), MAP17 (D), flotillin-1 (E), and 5ЈNT (F). membrane fluidity, association with membrane domains, aggregation of the protein, and motion of membrane domains (see "Discussion").
Scanning FCS-We then performed scanning FCS and PCH analysis in control and potassium-deficient GUVs to better determine the differences in slower diffusing species that we are less able to detect with single point FCS and to determine aggregation states in terms of molecular brightness. Scanning FCS offers the advantage of multipoint data acquisition (in this case, either 40 or 64 points). With appropriate positioning, the orbit crosses the membrane at known points. This allows motion in the membrane to be distinguished from motion of the vesicle as a whole. However, since the scanning rate is 1 kHz, determination of diffusion components faster than about 10 m 2 /s is not precise. Fig. 8A shows a representative image of a GUV formed from control BBM labeled with anti-NaP i . The adjacent intensity "carpet" shows the intensity trace along the beam orbit as a function of time. The intensity fluctuations during the measurement at any particular point on the orbit can be found by extracting the appropriate column from the carpet. Shown in Fig. 8B are autocorrelation curves calculated for columns of interest and fitted using the same model as before (Equation 4). A representative image of a GUV formed from potassiumdeficient BBM and the intensity carpet for the indicated orbit is shown in Fig. 9A . The autocorrelation curves for a point on the membrane and a point outside the vesicle are shown in Fig. 9B . Over many measurements, a pattern of diffusion coefficients is seen that substantially matches those of the single point data in terms of their characteristic values and the consistent differences between the control and potassium-deficient BBM (Table II) .
As in the single point FCS data, a fast diffusion component (D sc1 ) is seen, which we identify as free diffusion of the Alexa 488-labeled antibody. However, because of the increased delay between measurements at any particular point, this value is less well resolved in the scanning measurement. The GUVs grown from control BBM show the presence of two slow diffusing species (D sc2 ϭ 3.18 m 2 /s and D sc3 ϭ 0.35 m 2 /s). Similarly, for potassium deficiency, two slow components (D sc2 ϭ 1.37 m 2 /s and D sc3 ϭ 0.25 m 2 /s) were seen. These values correspond to antibody bound to the membrane.
The value of the very slow diffusion coefficient determined by scanning FCS (D sc4 ϭ 0.010 m 2 /s) was again similar to the value obtained from single point FCS in the case of the control BBM; however, for potassium-deficient BBM, the values of D sc4 ϭ 0.0026 and D sc5 ϭ 0.0004 m 2 /s are substantially slower than seen in the single point measurements. Overall the very slow diffusion observed is between 4-fold (D sc4 ) and 25-fold slower (D sc5 ) in the potassium-deficient BBM compared with control. These observations suggest that there may be protein aggregates on the membrane with higher protein concentrations or that the increased levels of glycosphingolipids form microdomains into which NaP i may partition.
PCH Analysis-To distinguish these possibilities, we made measurements of the molecular brightness using PCH analysis. Using the scanning FCS intensity carpet, as shown for example in Figs. 8A and 9A, we extracted columns of intensity measurements made at particular points in the scan. These intensity traces are shown in Fig. 10 for the control vesicle, on the membrane (Fig. 10A) , and outside the vesicle (Fig. 10B) , and for the potassium-deficient case, for Alexa 488-anti-NaP i on the membrane (Fig. 10C ) and in solution (Fig.10D) . The intensity traces on the membrane show long-lived events significantly brighter than those seen in the solution. These events give rise to the very slow diffusion coefficients (D sc4 and  D sc5 ) . Furthermore, the intensity of these events is higher in the case of potassium deficiency indicating more bound antibody. From these data, photon counting histograms and fits were calculated, shown in Fig. 11, A (control BBM) and B (potassium-deficient BBM), at the points indicated in the figure legend. A fit to a point outside the vesicle yields the characteristic brightness of a single freely diffusing labeled antibody giving 17 ϫ 10 3 counts/molecules/s under our experimental conditions. By comparison to the brightness of the entities observed on the membrane (Table III) , an estimate of the number of bound anti-NaP i (aggregation and clustering) can be made. The antibody bound on the control GUV is 2-fold brighter than the antibody in solution, indicating that there are dimers on the surface of the control membrane. In the case of the potassium-deficient BBM, the brightness of the bound antibody is 82.7 ϫ 10 3 counts/molecules/s, which is a difference of ϳ5-fold. Analysis of data sets that yielded diffusion coefficients corresponding to D sc2 and D sc3 did not show an increase in molecular brightness compared with the free antibody in solution, suggesting that these entities were monomeric proteinantibody complexes (data not shown).
DISCUSSION

NaP i Is Present in Cholesterol-, Sphingomyelin-, and Glycosphingolipid-enriched BBM Microdomains and Increasingly So in Potassium
Deficiency-Potassium deficiency is a novel model that suggests an important role for lipids in mediating the posttranslational regulation of the major renal phosphate transport protein NaP i . In potassium deficiency, a significant decrease in BBM Na/P i cotransport activity is observed despite an increase in BBM NaP i protein abundance (Fig. 1) , a correspondence that is associated with significant increases in BBM sphingomyelin, glucosylceramide, and ganglioside GM3 content as we showed in an earlier study (5) . Treatment of potassium-deficient rats with an inhibitor of glucosylceramide and ganglioside GM3 synthesis normalizes BBM Na/P i cotransport activity without further changing the NaP i protein abundance (5) . However, the cellular and molecular mechanisms by which these lipids may modulate NaP i activity have not been determined.
In the present study we find that the decrease in Na/P i cotransport activity in potassium deficiency despite the increase in NaP i protein abundance is associated with increased partitioning of NaP i protein into cholesterol-, sphingomyelin-, and glycosphingolipid-enriched BBM microdomains (Figs.  2-4A ). This is the first demonstration of the presence of NaP i protein in membrane lipid microdomains or lipid rafts.
Increased partitioning of proteins into cholesterol-, sphingomyelin-, and glycosphingolipid-enriched membrane microdomains has differential effects on the regulation of the function and activity of proteins. For example, epidermal growth factor and clonidine-stimulated Na/H exchange activity in the ileum is associated with increased BBM NHE3 protein abundance and increased partitioning of NHE3 into lipid rafts (65, 66) . NHE3 is also largely present in lipid raft domains of the apical membrane when expressed in opossum kidney cells (67) , and we find that in rat kidney BBM NHE3 partitions into cholesterol-, sphingomyelin-, and glycosphingolipid-enriched BBM microdomains (Fig. 4C) . Furthermore, in potassium deficiency, which previously had been shown to result in increased renal BBM Na/H exchange activity with a parallel increase in NHE3 protein abundance (37), we find further increased partitioning of NHE3 into "lipid raft" fractions (Fig. 4C) . The sodium/glucose cotransporter SGLT-1 has also been shown to be partially present in "lipid rafts" (68) . We confirmed the partial presence of SGLT-1 in cholesterol-, sphingomyelin-, and glycosphingolipid-enriched BBM microdomains; however, we saw no effect of potassium deficiency on the partitioning of SGLT-1 in these domains (Fig. 4B ). This result is consistent with the absence of significant alterations in BBM sodium/glucose cotransport activity or BBM SGLT-1 protein abundance in potassium deficiency (Fig. 1, C and D) .
NaP i Diffuses Slower and Forms Aggregates in Larger
Microdomains in Potassium-deficient BBM-By using novel FCS techniques, we found that despite a higher abundance of NaP i protein in potassium-deficient BBM, its lateral diffusion is markedly decreased (Tables I and II and Figs. 6 -9) . This is the first demonstration of a decrease in BBM NaP i protein lateral diffusion being associated with a decrease in Na/P i cotransport activity. Most interestingly, by analysis of the PCH data ( Fig.  11 and Table III) , we also show evidence for increased aggregation (clustering or oligomerization) of the NaP i protein in potassium deficiency, an observation also reported for other raft proteins (55) (56) (57) . Unique to our study is our ability to assign the diffusing species that we observe to specific molecular entities through the combination of the diffusion coefficient values obtained from the autocorrelation analysis of scanning FCS data and the molecular brightness of the particles obtained from the corresponding PCH analysis. Of course, we only observe the fluorescent species, which is the antibody, and we use the brightness of the single antibody molecule as ob- tained from solution experiments to infer the number of molecules in an aggregate.
The molecular brightness measurements are crucial for our interpretation because, contrary to solution experiments, it is impossible to determine the mass of an object diffusing in a membrane from the value of the diffusion coefficient alone, given the range of possible diffusion coefficients observed for membrane proteins and lipids in membranes and the variability of the local viscosity. For example, Kahya et al. (54) made lipid diffusion measurements on GUVs formed from ternary mixtures of cholesterol, sphingomyelin, and dioleoyl phosphatidylcholine. For a number of different fractional compositions, partitioning into liquid-ordered and liquid-disordered phases was seen, with lipid diffusion coefficients of ϳ0.25 and ϳ5 m 2 /s respectively. With increasing sphingomyelin content, a decrease in the diffusion coefficient was measured (54) . This offers insight into the origin of the slow NaP i diffusion compo- nents D 2 and D 3 (or D sc2 and D sc3 ) , and the ϳ2-fold decrease in diffusion for the antibody bound on the potassium-deficient compared with the control BBM is consistent with the increased sphingomyelin content of potassium-deficient BBM. However, BBM has a much more complex composition than the lipid mixtures studied by Kahya et al. (54) . Also, our measurements were made at 37°C (compared with 25°C in Ref. 54) , and a phase separation was not directly observed in the GUVs. Other researchers have determined diffusion coefficients of single proteins diffusing in a membrane to be in the range of 0.5 to 0.05 m 2 /s (30, 31) . Our values of D 2 lie at the upper end of this range, which suggests the existence of regions of increased membrane fluidity in kidney BBM.
When proteins associate with very large structures, such as vesicles or membrane rafts, the apparent diffusion coefficient will decrease by another order of magnitude to 0.005 m 2 /s or smaller (70) . We observe particles moving with diffusion coefficients in the range 0.01 to 0.0004 m 2 /s (D sc4 and D sc5 ). These particles have a larger molecular brightness than the freely diffusing antibody in solution (Table III) , i.e. the observed fluorescent entity contains more than one antibody. For control BBM, these aggregates were brighter by a factor of 2, whereas for potassium-deficient BBM the increase in brightness was by a factor of 5. This suggests that there are larger aggregates in the potassium-deficient membranes compared with the control membranes. We can now interpret this result in conjunction with the diffusion measurements. By assuming that the 5-fold increase in brightness on potassium-deficient BBM corresponds to ϳ5 protein-antibody complexes aggregated on the membrane surface, then this aggregate, if made of NaP i proteins only, should slow the diffusion of the antibody by a factor of about 2. However, in potassium deficiency D sc4 is slower by a factor of ϳ100 compared with the diffusion coefficient of the monomeric species D sc3 . This implies that the very slow diffusing object observed in the scanning data of potassium-deficient GUVs is a large body, which includes additional proteins and/or lipids. A similar rationale can be followed for the control BBM data, for which D sc4 is slower by a factor Ͼ30 compared with D sc3 . We believe that these very slowly diffusing molecular entities with larger brightness correspond to membrane rafts and that the intensity profiles of these entities (Fig. 10, A and C) delineate the lateral diffusion of lipid domains.
An alternative explanation is that the observed slow intensity fluctuations are because of particles attaching and detaching from an (almost) immobile object. However, an equilibrium of single antibody molecules occurring on the same time scale would lead to much less distinct fluctuations (corresponding to the gain or loss of single antibodies) than the large steps observed in our intensity profiles (Fig. 10, A and C) , indicative of a bright particle moving as a rigid object. In addition, dissociation of the antibody from the NaP i protein is unlikely to occur in the time scale of about 1 s given the high affinity of the antibody. A final possibility is that the entire NaP iantibody complex detaches from the raft region. Although this equilibrium process cannot be excluded, it cannot ex- FIG. 11 . PCH of membrane-bound Alexa 488-anti-NaP i measured in GUVs made from control and potassium-deficient BBM. A, PCH of the NaP i antibody on a control BBM GUV (OE) and outside the GUV (ƒ) for the scanning data in Fig. 8A (columns 31 and 54, respectively) . The data were binned by 10 for these traces with a sampling frequency of 64 kHz. B, PCH of the NaP i antibody on the potassiumdeficient BBM GUV (छ) and outside the GUV (*) for the scanning data in Fig. 9A (columns 33 and 5, respectively) . For both A and B, the PCH data were fit to a single species model. The results of the fits are collected in Table III . The table lists Similar observations of aggregation have been made for other membrane proteins. For example, a physiological role for alterations in the lateral diffusion of a protein being associated with its function has been shown recently for bacteriorhodopsin, a proton-transporting membrane protein in Halophilic Archaea, which is highly sensitive to its lipid environment (53) . By using FCS, a decrease in the lateral diffusion of bacteriorhodopsin was observed upon photoactivation, which was fully reversible upon return to the dark-adapted state. The shifts in lateral diffusion or mobility were determined to be caused by transient photoinduced oligomerization of bacteriorhodopsin (53) . In addition, several studies have used the fluorescence recovery after photobleaching (FRAP) imaging technique (58, 59) to show that the diffusion of certain proteins can be modulated by lipids and/or their partitioning into lipid rafts. For example, one study showed that the lateral diffusion of green fluorescent protein-labeled caveolin is highly restricted but increased upon treatment of the cells with methyl-␤-cyclodextrin to extract cholesterol or with cytochalasin D to disrupt the actin cytoskeleton (60) . Similar results following the disruption of the actin cytoskeleton were obtained with green fluorescent protein-labeled aquaporin 2 (61) . Two other studies using high resolution single particle tracking showed markedly decreased diffusion of raft-associated proteins compared with non-raft proteins and increased diffusion of the raftassociated proteins following lowering of the cell cholesterol content (62, 63) . However, a recent study that used FRAP to measure the diffusion coefficients of several types of putative raft and non-raft proteins under steady-state conditions and in response to raft perturbations found that raft proteins diffused freely over large distances (Ͼ4 m), exhibiting diffusion coefficients that varied 10-fold (64) . Perturbations reported to affect lipid rafts in model membrane systems or by biochemical fractionation had similar effects on the diffusional mobility of raft and non-raft proteins. This study therefore indicated that raft association is not the dominant factor in determining long range protein mobility at the cell surface (64) . In contrast to FRAP which measures diffusion over a relatively large area of the membrane, the advantage of FCS is that it has single molecule sensitivity and can measure diffusion of proteins in a very small area/volume of the membrane (30 -32, 52-54) .
TABLE III PCH of control versus potassium-deficient GUV
Summary and Conclusion-This study indicates for the first time the important role of the partitioning of the type IIa Na/P i cotransporter protein into cholesterol-, sphingomyelin-, and glycosphingolipid-enriched microdomains with regard to its function in the model of potassium deficiency. We show that increased partitioning of NaP i into these lipid microdomains is associated with the decreased Na/P i cotransport activity. By using novel FCS techniques, we not only determine decreased lateral diffusion of single NaP i molecules but also the presence of larger NaP i aggregates in potassium-deficient BBM compared with control BBM, both of which could contribute to the observed decrease in NaP i transport activity. Finally, this study demonstrates the power of combining an autocorrelation analysis and a PCH analysis of scanning FCS data to determine the nature of slowly diffusing proteins and protein complexes in a biological membrane.
